ABSTRACT Voltage-dependent gating was investigated in a recombinant human skeletal muscle Cl-channel, hCIC-1, heterologously expressed in human embryonic kidney (HEK-293) cells. Gating was found to be mediated by two qualitatively distinct processes. One gating step operates on a microsecond time scale and involves the rapid rearrangement of two identical intramembranous voltage sensors, each consisting of a single titratable residue. The second process occurs on a millisecond time scale and is due to a blocking-unblocking reaction mediated by a cytoplasmic gate that interacts with the ion pore of the channel. These results illustrate a rather simple structural basis for voltage sensing that has evolved in skeletal muscle Cl-channels and provides evidence for the existence of a cytoplasmic gating mechanism in an anion channel analogous to the "ball and chain" mechanism of voltage-gated cation channels.
INTRODUCTION
Voltage-gated Cl-channels serve a variety of physiological functions in nearly all cells. In the past, technical problems have prevented a detailed description of their gating properties. With the molecular cloning of the ClC family of voltage-gated CF-channels (Jentsch et al., 1990 ) and the potential for heterologous expression, it is now possible to give a more detailed description of the basic biophysical characteristics of these important ion channels.
The principal Cl-channel of adult mammalian skeletal muscle (CIC-1) is responsible for the unusually high resting membrane Cl-conductance characteristic of this tissue (Steinmeyer et al., 1991b) . Its physiological importance has recently been underscored by the identification of genetic mutations in the murine and human ClC-1 genes, which cause hereditary disorders of muscle membrane excitability (Steinmeyer et al., 1991a ; Koch et al., 1992; George et al., 1993) . The resulting condition is called myotonia, a transient muscle stiffness following voluntary contraction, which is caused by a delay in relaxation due to repetitive trains of action potentials.
It has long been recognized that native skeletal muscle Cl-channels exhibit gating transitions that occur with changing membrane potential (channels activate with depolarization and deactivate upon hyperpolarization) (Warner, 1972; Vaughan et al., 1991; , and identical gating behavior has more recently been demonstrated with recombinant rat and human ClC-1 (Steinmeyer et al., 1991b; Pusch et al., 1994) . Despite these descriptions of ClC-1 gating, no coherent biophysical mechanisms have been proposed to explain its behavior. Unlike members of the voltage-gated cation channel gene superfamily, ClC channels lack a structural motif analogous to the S4 helix (Jentsch et al., 1990) , which functions as a voltage sensor for the control of gating in voltage-gated Na+ and K+ channels (Stuhmer et al., 1989; Papazian et al., 1991) . Although mechanisms involved in the gating of the Torpedo electroplax Cl-channel have been elucidated in part (White and Miller, 1979; Hanke and Miller, 1983; Richard and Miller, 1990 ; Pusch et al., 1995) , little is known about the voltage-dependent gating of mammalian ClC Clchannels. Recently we examined the functional characteristics of a missense mutation affecting an aspartic acid residue at position 136 of human ClC-1 (hClC-1) that causes the recessive form of myotonia congenita . This mutation greatly affects voltage-dependent gating of the channel without causing dramatic changes in chloride permeation, suggesting that the gating mechanism of hClC-1 involves a voltage sensor. Using the whole-cell patch-clamp recording technique, we have studied a recombinant hClC-1 in greater detail and propose a model to explain the gating of this channel.
MATERIALS AND METHODS
Stable expression of hCIC-1 in HEK-293 cells HEK-293 cells (ATCC CRL 1573) were transfected by the calcium phosphate precipitation method (Graham and van der Eb, 1973) , using the plasmid pRc/CMV-hClC-l as previously described . Oligoclonal cell lines were obtained by selection for resistance to the aminoglycoside antibiotic Geneticin (G418; Boehringer Mannheim, Germany). Twenty hours after transfection, cells were incubated in medium supplemented with G418 (800 gg/ml). After 10-28 days, G418-resistant foci were picked and plated in individual flasks. The cells were then electrophysiologically tested after 3-6 days in culture. Cell lines in which more than three consecutively tested cells did not show current amplitudes of >300 pA at -135 mV were classified as negative. Six of the 11 cell lines were positive, and three were kept in culture for > 18 months. For control experiments measuring the contribution of endogenous Cl-currents, nontransfected HEK 293 cells were cultured in media without G418 under identical conditions.
Electrophysiology
Standard whole-cell recording (Hamill et al., 1981) was performed using an Darmstadt, Germany) or an Axopatch 200A amplifier (Axon Instruments, Foster City, CA). Pipettes were pulled from borosilicate glass and had resistances of 0.5-1.0 Mfl. Currents were filtered with the internal filters of the amplifiers and were recorded using a Digidata 1200 AD/DA converter (Axon Instruments). The sampling frequencies (between 5 and 333 kHz) were at least three times larger than the filtering frequency. The time between test sweeps was at least 15 s. Because the open probability of hClC-1 is different from zero over the entire voltage range between -200 and +150 mV, it is not possible to use leakage or capacitance subtraction. Digital subtraction of leakage and capacitive current was therefore not applied.
Current responses to 10-mV voltage steps from a holding potential of 0 mV in the positive direction were fit with a single exponential time course to obtain the charging time constant, the series resistance, and the cell capacitance. The average charging time constant was 20 ± 18 ,us (n = 6). The average cell capacitance was 30 ± 5 pF (n = 6). More than 60% of the series resistance was compensated by an analog procedure. The calculated voltage error due to series resistance was always less than 5 mV.
To obtain different Cl-gradients, three different pipette solutions were used (all fitted to the data: I(t) = a1exp(-t/T1) + a2exp(-t/T2) + d. The relative components of current deactivation were calculated by dividing the individual records by the peak current amplitude ('max) determined after a long (>500 ms) prepulse to +55 mV: A, = al/Imax, A2 = a2/Jmax, C = dilmax.
The relative components of current activation were calculated as A, = -aI/Imax, A2 -a2/1max, C = d/Im,,. Activation was analyzed for negative membrane potentials only. "Instantaneous" current amplitudes were determined 200 ,us after the voltage step.
To obtain the voltage dependence of activation, the instantaneous current amplitude at a fixed potential of -135 mV was measured after prepulses to different voltages (V) and divided by its maximum value. The normalized data were then plotted versus the preceding potential as described previously (Fig. 1 B) .
The contribution of endogenous currents to the recordings illustrated in Fig. 1 Gating model for hCIC-1
As a consequence of the described voltage independence of the time constants, the voltage dependence of the current components, and the similarity between activation and deactivation time constants, gating of hClC-1 cannot be appropriately represented by a sequential state model. In sequential models, the voltage dependencies of fractional current amplitudes are determined by the voltage dependencies of the rate constants connecting different states (Brown et al., 1983; Chiu, 1977) . Our results are more consistent with the assumption that two distinct processes are involved in gating: 1) a voltage-sensing process governing the distribution of channels among the three distinct kinetic states (fast deactivating, slow deactivating, and nondeactivating) and 2) another mechanism mediating the voltage-independent opening and closing of the channel. The simplest model designed to account for the voltage dependence of the three current components (Fig. 3) (Fig. 1 F) .
Therefore, we suggest that the three experimentally observed kinetic states correspond to three different channel conformations depicted in Fig. 3 . In this arrangement, movements of the voltage sensors determine whether channel deactivation is fast or slow or does not occur at all. These voltage sensor movements must occur very rapidly, so that the distribution of channels among the three kinetic states achieves equilibrium before the process of opening or closing begins. We further suggest that the time-dependent channel closing and opening transitions are mediated by a structurally different mechanism (distinct from voltage-sensor movements) that has no intrinsic voltage dependence (Fig. 3) .
In the following, evidence will be presented in support of the basic concepts of this model. This will include 1) demonstrating the existence of very rapid gating steps, 2) showing that it is possible to dissociate changes in the fractional current amplitudes from alterations of the time constants, and 3) providing evidence that the time courses of activation and deactivation can be represented as a blocking-unblocking reaction of the channel with a cytoplasmic gate.
Ultrafast gating in hCIC-1 was made more positive. This indicates that the number of open channels must have changed during the brief time required to charge the membrane for each voltage step. This observation is in agreement with our assumption of an ultrafast gating process.
The ultrafast gating steps can also be investigated by determining the voltage dependence of activation with very short prepulses. In these experiments, the membrane potential was first held for 546 ms at -100 mV to achieve current deactivation, then prepulses of 0.4 ms duration and varying voltage were applied, followed by a fixed test pulse to -135 mV. The instantaneous current amplitude (and, by inference, the number of open channels) increased with more positive prepulse potentials (Fig. 4 B, pulses to -25 or +35 mV). The lack of any visible change in the current amplitude during the prepulse supports the notion that an ultrafast gating process is taking place during the capacitative transient. Ultrafast gating steps only take place upon membrane depolarization (channel activation), and a deactivating ultrafast process does not seem to exist.
When activation curves were determined using various prepulse durations, the voltage dependence and the maximum value of the open probability changed (Fig. 4 C) (Fig. 4 C) .
Titration of hCIC-1 voltage sensors by variation of the external pH
The gating of skeletal muscle Cl-channels has long been known to vary with external pH (pHe) (Vaughan et al., 1991; Warner, 1972) . We chose to probe the chemical nature of the gating mechanisms by varying pHe and to attempt to dissociate effects on the two proposed gating processes. Fig. 5 A shows current responses to voltage steps from -30 mV to -145 mV and +45 mV recorded from a single cell at pHe = 6.5, 7.4, and 8.5. Only the responses to hyperpolarization were dependent on pHe, the largest effect being the increased current at pH 6.5. Changes in pHe had no effect on the time constants of deactivation (Fig. 5 B) , suggesting that the mechanism directly responsible for channel closing does not involve titratable residues on the extracellular side. By contrast, changes in pHe have dramatic effects on the relative proportions of the fast (Al), show that the voltage-sensing structures within the channel can be titrated from the extracellular side, and that it is possible to dissociate changes in fractional amplitudes from the deactivation time course. The latter is support for the existence of two independent processes in hClC-1 gating.
The ability to influence voltage-sensor function from the extracellular side was further investigated by the examination of steady-state channel activation. For three different PHe values, the voltage dependencies of relative Ppe. under steady-state conditions were determined and fitted with the sum of a Boltzmann distribution and a constant term (Fig.   5 ). The slope factor (kv) derived from these data fits provides an estimate of the equivalent gating charge for each experimental condition. External acidification did not affect this parameter (kv = 20.1 + 0.6 mV at pH 6.5; kv = 20.2 ± 0.9 mV at pH 7.4; kv = 20.0 ± 1.4 mV at pH 8.5; n = 4), but rather caused an increase in the constant term. An explanation for this effect is that each voltage sensor consists of only a single titratable residue (see Discussion). If the voltage sensor possesses several charged residues, protonation of a subset of these would reduce the number of gating charges, causing a quantitative change in the voltage dependence of activation (i.e., a reduction in slope of the activation curve) (Almers, 1978; Liman et al., 1991; Logothetis et al., 1992) , but all channels will still respond to voltage in a qualitative fashion.
Based on the idea that each voltage sensor consists of a single titratable residue, we determined the number of voltage sensors per channel from a titration experiment in which we plotted the fraction of voltage-dependent channels against pHe (Fig. 6, A and B) . The number of titratable sites involved in voltage sensing and their chemical nature (pKl) can be discerned from this relationship by applying the Hill equation. The fraction of voltage-dependent channels (defined as the value u) was calculated from the voltage dependence of the nondeactivating current fraction C. As defined above, C represents the fraction of hClC-1 channels that do not deactivate upon hyperpolarization. We measured the fraction of voltage-dependent channels as the proportion of C that changes over the entire range of test potentials (see Fig. 5 D) . This proportion was obtained by fitting the data in Fig. 4 D (Fig. 7, A and B).
Evidence for a cytoplasmic gate in hCIC-1 Next we examined the effect of internal pH (pHi) on hClC-1 gating. Unlike pHe, changes in pHi had profound effects on the time constants of deactivation and activation. Fig. 8, A and B, illustrates the effect of pHi on the time course of tonic decrease with increasing depolarization. These results (Fig. 8 C) . The results shown in Fig. 8 C are not simple titration curves, suggesting that several titratable groups are involved.
To test for possible effects of permeating ion concentration on the time course of activation and deactivation, similar experiments were performed at various internal and external Cl-concentrations. The time constants for deactivation as well as the fraction of nondeactivating current depend on the intracellular as well as the extracellular Clconcentrations. When plotted versus the calculated Clequilibrium potential (Ec1), the fast and slow deactivation time constants increase with more positive Eci (Fig. 8 D) .
The fraction of nondeactivating current ('ss"peak) at very negative potentials increases with either an increasing intracellular Cl-concentration or a decreasing extracellular Cl-concentration (Fig. 8 E) .
These properties of hClC-1 gating are consistent with a blocking and unblocking reaction mediated by a cytoplasmic "gate" (Armstrong and Bezanilla, 1977; Hoshi et al., 1990; Demo and Yellen, 1991) . The large effect of varying pHi on the time constants, their voltage independence at any pHi, and the absence of any effect of external pH is most consistent with the existence of a cytoplasmic blocking particle composed of titratable residues. Because time constants are affected by the concentration of the permeating ion on both sides of the membrane, we postulate that the blocking particle is directly interacting with the ion-conducting part of the channel, such that this proposed "gate" behaves as an open channel blocker (MacKinnon and Miller, 1988) . Voltage (mV) state to peak current (Iss/Ipeak) is expected to equal koff(kon + koff). Therefore, the two values T and IsJIpeak fully determine ko1 and k0ff. Variation of the Cl-gradient specifically changes ki. but does not affect koff (Fig. 8 F) .
These observations are consistent with the idea that the cytoplasmic gate is competing with CF-ions for a binding site within the pore (MacKinnon and Miller, 1988 Because the time constants for fast activation and deactivation are identical within the tested pHi range (Fig. 8 C An essential step in understanding the function of ion channels is the development of biophysical models that represent the experimentally determined channel behavior in qualitative and quantitative terms. Such models are extremely valuable for the analysis of the relationship between channel structure and function. After the molecular cloning of at least six different mammalian ClC CF-channel isoforms (Steinmeyer et al., 199 lb; Thiemann et al., 1992; Uchida et al., 1993; Adachi et al., 1994; Kawasaki et al., 1994; van Siegtenhorst et al., 1994) , and the descriptions of some functional properties for a subset of these channels, biophysical models are now necessary as a basis for the understanding of the properties exhibited by this new ion channel family. The work presented here attempts to understand the molecular basis for gating of the human skeletal muscle voltage-gated Cl-channel, hClC-1. Our results suggest that two structurally distinct parts of the channel are involved in its gating: a pair of identical voltage sensors, and a cytoplasmic gate that interacts directly with the ion pore. In our proposed model of gating, voltage-dependent movements of the voltage sensors induce rapid changes in the rate constants for the interaction between the cytoplasmic gate and the channel.
Voltage sensors in hCIC-1 Considering the profound effect that external pH has on the distribution of channels among the three kinetic states (Fig.  5) , we reasoned that the ability of the channel to sense voltage is controlled by titratable residues. Lowering pHe increased the proportion of channels in the nondeactivating state without affecting the slope factor (kv) derived from fits of activation curves with the Boltzmann distribution. The identity of the slope factors kv at three different pHe values points to a voltage sensor consisting of a single titratable residue. Protonation of this single residue reduces the charge of the voltage sensor to zero and completely abolishes its voltage-sensing ability (i.e., the channel is converted to a nondeactivating pore). In this case, a fraction of channels have fully charged voltage sensors at pHe 6.5, and their equivalent gating charge is identical to that determined at neutral or alkaline pHe. The remaining protonated chan- Ereversal (mV) nels will be nondeactivating, thus accounting for the increased constant term. If the voltage sensor had more than one charged residue, external acidification would result in a decrease in the gating charge of a fraction of the channels. A reduction of the equivalent gating charge would cause an increase in the slope factor of the activation curves and would have been easily recognized. The chemical nature of the residue involved in voltage sensing can be inferred from the effect of extracellular acidification. These data are most consistent with a residue existing in a charged state at neutral and alkaline pHe, but in an uncharged state at acid pHe. This implicates amino acid residues with a carboxylic acid side group that are negatively charged at neutral pH. The data presented in Fig. 7 demonstrate at least 1.7 titratable groups in the channel. Because each voltage sensor consists of a single titratable group, this number equals the number of voltage sensors per channel. In view of our earlier work to characterize the D136G mutation in hClC-1 , we feel that an aspartic acid residue in the first transmembrane segment of the channel is a strong candidate for an hClC- Table 1 are consistent with the movement of the voltage sensing structure across the entire membrane electric field. One kv value (13.4 ± 1.4 mV) derived from the fit of the slow deactivating fractional current component does not agree with this notion. The mathematical complexity of this data fit (2B*[1 -B]) requiring five parameters may not be as reliable as the fast and nondeactivating components, which require only three fit parameters for the same number of data points.
CIC channels are believed to be multimeric Middleton et al., 1994) . Our data are most consistent with a homodimeric channel complex in which each subunit contributes one voltage sensor. They do not rule out the possibility of tetrameric channel complexes with two identical "protochannels." In the case of a tetrameric channel with a single pore, in half of the subunits, the voltage sensing residue would have to be immobilized by some unknown mechanisms.
A cytoplasmic gate in hCIC-1
Our model also proposes the existence of a final blockingunblocking step analogous to the "ball and chain" mechanism that operates in voltage-gated Na+ and K+ channels (Armstrong and Bezanilla, 1977; Hoshi et al., 1990; Demo and Yellen, 1991) . In hClC-1, this blocking mechanism appears to interact with the ion pore, as evidenced by the effect of Cl-ions on the rate constants derived for this blocking step (Fig. 7 F) . Furthermore, in view of the profound effect of pHi on the time constants of deactivation and activation ( Fig. 7 C) , it seems likely that the channel is blocked from the cytoplasmic side of the membrane. The dependence of kon on the Cl-gradient further indicates that the cytoplasmic gate may be competing with CF-ions for a common binding site, and indirectly suggests that the gate is negatively charged. The effect of permeating ions on the blocking-unblocking process in hClC-1 differs from the well-investigated examples of charybdotoxin block of Ca2+-activated K+ channels (MacKinnon and Miller, 1988) and the interaction of the inactivation ball with Shaker potassium channels (Demo and Yellen, 1991) , in which permeating ions on the opposite side of the membrane were reported to knock out the blocking particle. In hClC-1, unbinding of the blocking particle is not affected by external or internal Cl-concentration (koff, Fig. 8 F) . Nevertheless, the dependence of the rate constant kon on the internal as well as the external Cl-concentration clearly supports the idea that the cytoplasmic gate of hClC-1 channels is interacting with the ion conduction pathway. The observed voltage-dependent variation in the relative numbers of channels in the fast deactivating, slow deactivating, and nondeactivating states can be explained by an ultrafast voltage-induced conformational change mediated by the voltage sensors that alters the on rate of the blocking particle. This very rapid conformation change precedes the opening and closing transitions, and this helps to explain the observed voltage independence of activation and deactivation time constants. Alternative explanations for the voltage-independent gating kinetics include the location of the cytoplasmic gate outside of the membrane electric field, or the fact that the blocking particle is uncharged but interacts with a charged docking site on the channel.
Our data indicate that final opening and closing transitions are mediated by a cytoplasmic gate and not by the voltage sensor itself. In the absence of single-channel data on ClC-1, it is unknown whether the different configurations of the voltage sensor cause changes in the singlechannel conductance of the channel. Further studies are necessary to address this question.
Comparison with the Torpedo electroplax Cl-channel ClC-0, the chloride channel of the electric organ of Torpedo, is the only other channel of the CIC family for which the gating behavior has been quantitatively described. Although there is considerable sequence homology between hClC-1 and ClC-0 (54% amino acid identity), several functional differences exist that make the models developed for each of these two isoforms incompatible.
Based on experiments with planar lipid bilayers (White and Miller, 1979; Hanke and Miller, 1983; Richard and Miller, 1990) , gating of ClC-0 was described by the function of two different "gates": a fast gate activated upon membrane depolarization, and a slow gate operating during hyperpolarization. The coexistence of these two different processes gives rise to a distinct pattern of single-channel behavior ("double-barreled shotgun") in which two conductance states are independently opened and closed by the fast gate while the slow gate remains open. A slow gate has not been observed in muscle CF-channels (Steinmeyer et al., 1991b; .
For ClC-0 channels expressed in Xenopus oocytes, the fast gate was reported to depend on the Cl-gradient (Richard and Miller, 1990; Pusch et al., 1995) . When the CFequilibrium potential was experimentally shifted, the macroscopic activation of the fast gate changed in parallel. Based on this strong coupling between ion permeation and gating, the permeating ion was proposed to be the only gating charge (Pusch et al., 1995) . In contrast, when shifts of Ec1 were performed with hClC-1, the activation curve was shifted in the opposite direction . Moreover, the Dl 36G mutation causes dramatic differences in voltage-dependent gating, and its open probability is strictly coupled to the Ec1. These two observations, together with the absence of significant changes in pore properties, indicate the existence of a voltage sensor as part of the protein sequence that is disabled in the D136G mutation .
A coupling between Eci and the activation curve in ClC-0 (Pusch et al., 1995) (Hals and Palade, 1990) . If the impermeant anion (CH3SO3f in our experiments) would bind to the outer vestibule with longer residency time than Cl-and electrostatically interact with the negatively charged voltage sensor, then an increase in extracellular CH3SO3-concentration would result in a leftward shift of the voltage dependence, as observed. This explanation is also valid for the effect of external iodide on the gating properties of hClC-1 (Fahlke and George, manuscript in preparation).
The molecular mechanisms responsible for the differences between ClC-0 and CIC-1 with respect to the gating effects of the permeating ion are unclear. The functional effect of neutralizing D70, the residue in CIC-0 corresponding to the proposed voltage sensor D136 in hClC-1, is currently unknown (Pusch et al., 1995) .
SUMMARY
Based on macroscopic current recordings, we propose a model for the gating of hClC-1 channels that explains the activation and deactivation of macroscopic currents for variable intracellular and extracellular pH and CF-concentration. We postulate that a set of two identical single negatively charged residues function as voltage sensors. The two voltage sensors may assume three different conformations, each of which confers a unique kinetic state. As a consequence, current activation as well as deactivation consist of three different components, with fast, slow, and time-independent time courses. The rearrangements that the two voltage sensors undergo with changing membrane potential are very rapid. This model is able to explain the principal macroscopic gating properties described so far for hClC-1: 1) the occurrence of three current components, the fractional amplitudes of which are highly voltage dependent; 2) the identity of the fast deactivation and activation time constants; 3) the behavior of the channel with varied internal and external pH; and 4) the effect of different CF-gradients on activation and deactivation time constants. There are, of course, several open questions. We do not know whether the different kinetic states correspond to different conductance states. In addition, the molecular nature of the voltage sensors and of the cytoplasmic gate is not completely understood.
